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ABSTRACT

The logarithm of the activity quotient was found to be proportional to
the logarithm of the elapsed time for many types of homogeneous chemical
reactions that occur in isothermal closed systems. The reactions investi-
gated include gas-phase and liquid-phase reactions in both aqueous and
nonaqueous solvents. The kinetic data used in this evaluation were solic-
ited from investigators whose results had been reported in the literaturef

INTRODUCTION

}An investigation was undertaken to determine whether thermodynamic
quantities associated with a chemical reaction in an isothermal closed sys-
tem change in a describable manner as the reaction proceeds. Because no
theoretical study concerning the time dependence of thermodynamic quantities
associated with a chemical reaction in an isothermal closed system was
found in the literature, this investigation has been strictly empirical,
and is essentlally a study of the time dependence of the activity quotient
for a variety of reactions.

NATURE OF THE APPROACH
Consider an isothermal closed system in which the following chemical

regction occurs:



aA +bB+. . .+mM>cC+dD+. . . +nN. (1)
The activity quotient Q 1is the only variable of the system and is defined

by the following convention:

[cle[p}d . . . [N]®
- : (2)
[(A12[BP . . . M]™®

The quantities in brackets are the activities of the products and the reac-
tants, and the exponents are the stoichiometric coefficients of reaction (D).

The free-energy difference AG Dbetween the products and the reactants
of reaction (1) is related to the activity quotient by the following ex-
pression:

a6 = A3° + RT 1n(Q) , (3)

where AGO is the free-energy difference when all the products and reac-
tants are in their standard states, R is the gas constant, and T 1is the
absolute temperatﬁre. According to thermodynamics, the free-energy function
A3 must be negative for reaction (1) to proceed spontaneously in the direc-
tion indicated. If it is assumed that the reaction does proceed as illus-
trated, then the value of the activity quotient, as defined, will increase,
and, from equation (3), the free-energy function will also increase. Partial
differentiation of equation (3) with respect to time results in a relation-
ship between the rate of increase of the free-energy function and that of

the activity quotient:

o Al _ I_B n(Q)| .
], = ), *
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Thus, the study of the activity quotient Q as a function of time is
equivalent to a study of the free-energy function A3 as a function of
time.

The actual kinetic data with which this study was carried out were
solicited from investigators whose results had been reported in the litera-
ture and were restricted to processes that occurred in isothermal closed
systems. The reactions were further restricted to those that took place
at low pressures or in dilute solutions. Thus, the partial pressures or
concentrations of reacting specles epproximated their activities, and the
activity quotient at various time intervals could thereby be calculated from
the kinetic data.

COMPUTED CORRELATION
The rate of change of the logarithm of the activity quotient appears

to be inversely proportional to the elapsed time for a majority of the

) 1

Relationship (5) indicates that the logarithm of the activity quotient

reactions investigated:

is proportional to the logarithm of the elapsed time.

With the aid of an IBM 7094 data processing machine, the kinetic data
were statistically analyzed to determine to what extent the logarithm of
the activity quotient linearly correlated with the logarithm of the elapsed
time. The three sigma reliability limits of the determination coefficient
were computed for each reaction. For more than two-thirds of the 93 reac-

tions investigated, the lower reliability limit exceeded 95 percent, which
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indicates a good correlation of the experimental data. Almost one-half of
the reactions investigated have a lower reliability limit greater than
99 percent, which indicates an excellent correlation.

The 93 reactions investigated were distributed among those reported
to be zero, first, second, third, and fractional orders, as is illustrated
by table 1. More than two-thirds of the first- and second-order reactions
showed & good correlation according to relationship (5). The number of
reactions of the zero, third, and fractional orders was too small to
determine the correlation according to relationship (5).

The reactions that showed a good correlation in table 1 were found to
be those in which the overall reaction was homogeneous and could be repre-
sented by a sing;e chemical equation, those in which all the products
appeared and reactants disappeared according to the stoichiometry of the
overall equation, those in which catalyzing effects, such as surface area or
1llumination, were not altered during the reaction, and those in which coni-
petitive reactions were absent.

GRAPHICAIL, CORRELATION

For the purpose of graphical evaluation of the empirical data, the terms

of relationship (5) can be equated by the introduction of a constant of

proportionality Gp:
0 1n(Q) Gp
= — . 6
RTW;LHH t (6)
Ly,
Integrating yields

GI‘
1n(Q) = ¢z In(t) + C ,~ (7)
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where C 1is the constant of integration. If a quantity +; 1s defined
as the time at which the activity quotient is unity, equation (7) may be

expressed thus:

1n(Q) = 55 1n (;G’El-) . (8)
The computed values of Gy and t7 are listed in table 2 for a group
of the reactions investigated.

Figures 1 to 11 illustrate graphically the high degree of correla-
tion between the activity quotient and the elapsed time according to
equation (7) for some of the reactions listed in table 2. Figures 1
to 4 illustrate gas-phase reactions, while figures 5 to 11 illustrate
liquid-phase reactions. The first three liquid-phase reactions occur
in aqueous solutions, the last four in nonaqueous ones.

Figures 1 and 2 illustrate the thermal decomposition of four organic
compounds. The correlation between the activity quotient and the elapsed
time is quite good for these reactions. The decomposition of acetaldehyde
does show some deviation from linearity. Similar deviations from linearity
were found with other organic decomposition reactions in which small
amounts of hydrogen, carbon oxides, or simple hydrocarbons were found
with the primary products. Since the partial pressures of the products

and the reactant were determined from the overall pressure increase in

errors.



The decomposition of hydrogen peroxide vapor, shown in figure 3,
shows a high degree of correlation at the five temperatures of observa-
tion.

The correlation in figure 4 is not as good as that shown by the other
gas-phase reactions, but it is comparable with the half-order kinetics
used by the experimental investigators. The reaction is heterogeneous.

It was reported that the reaction might have been initially inhibited,
which may explain the low value for the first data point.

Figure 5 1llustrates an electron-transfer reaction in perchloric-acid
solution. The correlation was quite good at the five temperatures at which
this second-order reaction was observed. Other electron-transfer reactions
in perchloric acid solutions also show good correlations.

Figure 6 illustrates an ionic reaction in aqueous solution at four
temperatures. As in the case of the electron-transfer reactions, the correla-
tion is quite good.

The reaction between ferricyanide and 2-mercaptoethanol in aqueous
solution does not show as good a correlation as do the other reactions in
aqueous solution, but the data points are somewhat erratic, as shown in
figure 7.

The correlation between the activity quotient and the elapsed time is
generally quite good for reactions in nonagueous solutions. The reaction
of cis-2-butene episulphide with triphenylphospine in three organic solvents
shows a very high degree of correlation, aé illustrated in figure 8. The
reactions illustrated in figures 9 and 10 occur in dioxane and ethanol,

respectively, and also show good correlations.



Figure 11 shows the reaction of styrene with iodine in carbon tetra-
chloride, and shows & considerable deviation from linearity. The investiga-
tor reported that the initial kinetics is three-halves order in styrene
and first order in iodinelS.

CONCLUSION

This investigation shows that, for many types of homogeneous reactions
in which the overall chemical reaction can be specified, the activity
quotient varies with time in a describable manner. Because the free-energy
function is closely related to the activity quotient, the time dependence
of this function can be found for reactions whose kinetic behavior is
adequately described by relationship..(5).  Eliminating’ 1n(Q) bebween -

equation (3) and (8) yields

AG = AG° + Gy 1n<7:21-). (9)

This equation would not be valid, of course, for positive values of AQ.

A major limitation of & kinetic equation involving the activity
quotient is the fact that it can only be applied to chemical reactions in
which the nature of the overall reaction is known and in which all the
products increase and reactants decrease in the stoichiometric proportions
specified by the overall equation. Deviations from this requirement are
common, being caused usually by the formation of secondary products.

Further investigation of the literature data is being made to determine
more conclusively the applicability of the empirical approach presented in

this paper.
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TABLE 1.

- THE DISTRIBUTION OF THE NINETY-THREE

REACTIONS INVESTIGATED AMONG THE VARIOUS ORDERS

Correlation Order Total
0 1 2 | 3 | Fractional
Good (>95%) | 1 |26 | 31| 8 0 66
uoor (<95%) | 1 8 )12 3 3 27
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Figure 1. - Decomposition of di-t-butyl peroxide @ (table 2,
reaction 1) and dimethyl ether O (table 2, reaction 2).
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Figure 2. - Decomposition of acetaldehyde O (table 2, re-
action 3) and azo-isopropane @ (table 2, reaction 4).
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Figure 3. - Decomposition of hydrogen peroxide vapor with 83.3 mole per-

cent helium (table 2, reaction 15). O 741.7° K,
O 721.6° K, A 712.8° K, DO 704.7° K.

0O 731.6° K,
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Figure 4. - Decomposition of silver oxide (table 2, re-
action 5).
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Figure 5. - Reduction of Pu(IV) by Fe(II) in 0.5M perchloric

acid solution (table 2, reaction 6). O 293.4° K,
O 288.6° K, & 283.4° K, A 279.4° K, QO 275.7° K.
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4 5 6 7 8 9 10

Ln (1)

Figure 7. - Reaction between potassium ferricyanide and 2-mercapto-
ethanol in aqueous solution (table 2, reaction 9). Initial concen-
trations - QO ferricyanide 0.00110M, Z-mercapto-ethanol 0.0189M;

@® ferricyanide 0.00119M, Z2-mercapto-ethanol 0.0206M,
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Ln (Q)

2 3 q 5
Ln (1)

Figure 11. - Reaction of styrene and wmgwsm in carbon tetrachloride (table 2, reaction 14).
Initial concentration - @ styrene 0.3472M, iodine 0.00053M; O styrene 0.3472M, iodine
0, 000203M,



